The growth of influenza virus in the chick embryo can be inhibited in two distinct ways; by partially or by wholly inactivated influenza virus. Firstly, virus wholly inactivated by heat a t 56" or by ultraviolet irradiation can cause inhibition of haemagglutinin production by influenza virus (Henle & Henle, 1944) ; in this situation there is an inhibition in the yield of virus particles, but any particles produced are normally infective. Secondly, serial passages of influenza virus at low dilution (von Magnus, 1946) , or the use of virus partially inactivated at 37" (Horsfall, 1954) cause the production of virus with a low infectivity relative to the haemagglutinin titre (' incomplete ' virus) ; in this case there is usually no diminution in the number of virus particles produced, but each particle has a very low probability of initiating infection. These two reactions are usually considered to be unrelated; they may be thought of as inhibitory actions on different stages of virus growth. von Magnus (1954) summarized the evidence for the hypothesis that infectivity is acquired late in virus development, and that 'incomplete' virus is immature in the sense that it is released from the cells without the virus having acquired the property of infectivity.
Recently, Fazekas de St Groth & Graham ( 1 9 5 4~) showed that in eggs treated with sodium metaperiodate and then inoculated with influenza virus, the virus produced had a low infectivity relative to the haemagglutinin titre, and thus corresponded to the incomplete virus of von Magnus (1946) . These workers also showed that different strains of influenza virus varied in the ease with which they could be induced to form incomplete virus by serial passages at low dilution; the virus strains could be arranged in order of ease, and this order seemed to correspond roughly to a gradient of the affinity of the viruses for chorio-allantoic membrane receptor substance (Fazekas de St Groth & Graham, 1954b) . This was of great interest to us since previous results had suggested a similar correspondence between the affinity of viruses for chorioallantoic membrane receptor substance and the ease with which interference by heated influenza virus could be induced (Isaacs & Edney, 1951) . These findings suggested the possibility that the two inhibitory phenomena might be related. We have investigated the effects of sodium metaperiodate on different strains of influenza virus and our results, reported in this paper, show that an amount of sodium metaperiodate which inhibits the development of infectivity in one strain may inhibit agglutinin production in another. This supports the idea that the two inhibitory phenomena may be related. It will also be shown that there are some similarities in the action of sodium metaperiodate and heated influenza virus when tested as inhibitory reagents for different influenza virus strains.
MATERIALS AND METHODS
Virus strains. Influenza viruses PR 8, MEL and A/Persian Gulf/'2/52 were kept in capillary tubes a t -70". A/Persian Gulf/2/52 was used as 3rd or 4th egg passage material. Batches of virus were prepared by inoculating 10-day eggs by the allantoic route with lo3 to lo4 50 yo egg-infective doses (EID50) of seed virus and harvesting after incubation for 42 hr. at 35". Agglutination titrations. Agglutination titrations were carried out by a pattern test in plastic plates and the results expressed as the reciprocal of the initial dilution of virus a t the partial agglutination end point. One agglutinating dose is defined as the least amount of virus required to agglutinate 0.25 ml.
of a 1 yo suspension of washed chick red cells (about Infectivity titrations. Serial 3.16-fold (410) dilutions of virus were prepared in broth-saline (50% Hedley Wright broth in normal saline) and 0.05 ml. volumes inoculated into the allantoic sac of 10-day-old chick embryos, which were harvested after 72 hr. incubation a t 35O and tested for agglutinins. The end-points were calculated by the method of Reed & Muench (1938) and the results expressed as EID 50/ml.
Experiments with metaperiodate. Eggs were treated with metaperiodate as described by Fazekas de St Groth & Graham (1954a) . Chick embryos (10-day)
were inoculated in the allantoic sac with 1 ml. of 0.01 M-sodium metaperiodate.
One hour later the excess metaperiodate was neutralized by an intra-allantoic inoculation of 0.25 ml. 0.1 M-glycerol, and these eggs and control eggs were inoculated 2 hr. afterwards with the virus under test. The eggs were harvested after incubation for a further 42 hr. at 35" C. Interference experiments. Chick embryos (10-day) were inoculated in the allantoic cavity with inactivated influenza virus, as allantoic fluid heated a t 56" for 1 hr. 24 hr. later these and control eggs were inoculated with the virus under test and the eggs were harvested after a further 42 hr. incubation at 35". Virus counts on red cells. The numbers of virus filaments and spheres found in samples of allantoic fluid harvested from the treated eggs were counted on electron micrographs after adsorption on red cell membranes (Dawson & Elford, 1949) . The concentration of red cell membranes used for a particular to cells).
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absorption was dependent on the haemagglutinin titre of the virus examined. The allantoic fluid was spun lightly to remove debris, mixed with the laked red cell suspension and kept for 1 hr. at 5'. The cells were then fixed with 0.1 yo osmium tetroxide for 30 min., spun down and washed with distilled water at 5 O , mounted on electron microscope grids and shadowed with gold manganin. Electron micrographs were taken of twelve or more red cells from each experiment at a magnification of about 5000 times and the numbers of filaments and spheres were counted and totalled for all the cells. The percentage of filaments in the sample was thus found. Assuming a random distribution of the two forms of virus, the standard error in this percentage will be that of a binomial distribution and is given by .\/(SFIN), where N is the total number of virus particles, and S and F the percentages of spheres and filaments. Fazekas de St Groth & Graham (1954a) found that, in eggs treated with sodium metaperiodate and subsequently inoculated with high dilutions of the P R 8 and Lee strains of influenza virus, the virus produced had a significantly lower ratio of infectivity to agglutinin titre than when grown in normal untreated eggs. Our results in experiments of this type have been very variable with different strains of virus. Table 1 shows the ratios of infectivity to agglutinin titres of individual eggs inoculated with the MEL, P R 8 and A/Persian Gulf/2/52 viruses after pre-treatment with sodium metaperiodate. Table 1 shows that metaperiodate treatment of the eggs has not induced any striking reduction in the ratio of infectivity to agglutinin titres of these viruses. The differences from the results of Fazekas de St Groth & Graham ( 1 9 5 4~) should be viewed in the light of two facts.
RESULTS

Eflect of sodium metaperiodate on the ratio of infectivity to agglutinin in three strains of infuenza virus
( a ) The normal ratio of infectivity to agglutinin titre is about 106.0 when calculated as described in Methods. Our P R 8 and A/Persian Gulf/2/52 strains therefore show, in untreated eggs, ratios which are significantly lower than those of normal strains. Possibly, under those conditions, metaperiodate treatment of eggs does not reduce the ratio further.
(b) With all three strains, but particularly with AlPersian Gulf/2/52 virus, metaperiodate treatment has caused a significant drop in haemagglutinin production in some eggs. This finding was not observed in the studies of Fazekas de St Groth & Graham. I n this connexion, the results with MEL virus are interesting. In most experiments with this strain, metaperiodate treatment did not reduce the yield of virus haemagglutinin, and the first three results with this strain, shown in Table 1 , indicated a slight drop in the ratio of infectivity to agglutinin titres on treatment with metaperiodate. In a later experiment, there was a significant drop in the yield of haemagglutinin with MEL virus, but the virus produced had a normal ratio of infectivity to haemagglutinin (see the last three results with MEL virus in Table 1 ). Our results suggest that metaperiodate treatment of eggs causes either a drop in the ratio of infectivity to agglutinin titres, or a reduced yield of haemagglutinin but not both effects at once.
E$ect of metaperiodate on the yield of virus haernagglutinin
At different times metaperiodate has caused a significant drop in the yield of haemagglutinin with all three strains of influenza virus which we have investigated, but the effect was most regular with A/Persian Gulf/2/52 virus. The results of a characteristic experiment are shown in Table 2 . Table 2 shows haemagglutinin titres of individual periodate-treated eggs inoculated with AIPersian Gulf/2/52 virus and compared with untreated control eggs. The periodate-treated eggs show big variations in titre, from complete suppression of haemagglutinin production to no apparent effect when compared with the controls.
It was found that the metaperiodate action could be reversed by increasing the dose of virus; when undiluted virus (about 107 EID50) was used there was no depression of haemagglutinin production. The reason for this finding is not a t present clear.
Combined action of metaperiodate and heated inJluenxa virus on the yield of virus haemagglutinin
In most of our experiments with P R 8 and MEL viruses, metaperiodate did not reduce the yield of virus haemagglutinin. However, when metaperiodate treatment, which of itself did not affect haemagglutinin yield, was combined with inoculation of heated influenza virus, the inhibitory effect of the latter was greatly increased. I n order to show this, it was necessary to give the metaperiodate after the heated influenza virus; given before, this effect was I . Archetti and others absent. The result of an experiment which shows the combined action is given in Table 3 . The metaperiodate, which of itself did not inhibit haemagglutinin production by PR8 virus in this experiment, enhanced the inhibitory action of heated Lee virus. This type of result has been obtained in many experiments with PR 8 and MEL used as challenge viruses and heated PR 8, MEL or Lee used as interfering viruses. We have not carried out experiments of this kind with A/Persian Gulf/2/52 virus, since this strain is much more sensitive than PRS or MEL, both to the action of metaperiodate, and to interference by heated influenza virus.
Effect of heated injuenxa virus and metaperiodate on production of injuenxa virus $laments
The bulk of the evidence available strongly supports the view that heated influenza virus inhibits virus growth at an intracellular site, i.e. the effect is on the virus multiplication within the cell (e.g. Henle, 1953) . The fact that metaperiodate may inhibit the development of viral haemagglutinin or infectivity in different strains raised the possibility that this agent might also be blocking different stages of virus production within the cell. One method of gaining further information on this point was suggested by the known properties of influenza virus filaments. It has been shown that in the A/Persian Gulf/2/52 virus, filaments contain a higher proportion of haemagglutinin to infectivity than spheres, i.e. each filament has about the same probability of initiating infection as a sphere, but has a much greater efficiency in agglutinating red cells (Donald & Isaacs, 1954) . Any agent which inhibited the production of viral haemagglutinin might therefore be expected to depress filament production to a greater extent than production of spheres.
Preliminary experiments to test this point showed that when eggs were inoculated with A/Persian Gulf/2/52 virus after a preceding inoculation of heated influenza virus, virus filaments appeared to be scanty on electron or dark-ground microscopy. In order to obtain a quantitative estimate of the extent to which filament production was inhibited by heated influenza virus or metaperiodate relative to sphere production, the numbers of filaments and spheres adsorbed on suitable red cells were counted. For differentiating, a rod which was more than twice as long as it was broad was counted as a filament, and filament length was not taken further into account. The results of some counts are shown in Table 4 . It is clear that there has been a pronounced drop in the proportion of filaments to spheres as a result of pre-treating eggs with either sodium metaperiodate or heated influenza virus, and the differences from the controls are highly significant ( p < 0.001) in each experiment. It seemed unlikely that this finding was due to the low agglutinin titres per se, since filaments are more efficient at agglutinating red cells than spheres and simple dilution should, if anything, increase the proportion of filaments. An experiment carried out to test this point showed no significant change in the proportion of filaments on diluting a preparation of virus ten times before adsorbing on to red cell ghosts.
The results of electron microscopy are illustrated in P1. 1, figs. 1-4. There are roughly the same numbers of virus particles on each red cell, since the numbers of red cells used for the absorption were based on the agglutinin titre of each preparation. However, P1. 1, fig. 1 , shows that interference by heated influenza virus results in a decreased proportion of virus filaments to spheres compared with fig. 2 illustrating the corresponding control preparation ; fig. 3 shows the effect of metaperiodate treatment, and again there is a decreased proportion of virus filaments to spheres compared with the corresponding control preparation in fig. 4 .
DISCUSSION
These results show some interesting similarities in the inhibitory actions of heated influenza virus and sodium metaperiodate on the growth of influenza virus in the allantoic cavity of the chick embryo.
( a ) A single dose of sodium metaperiodate may inhibit the development of full virus infectivity (i.e. cause the production of incomplete virus) in some strains, but inhibit haemagglutinin production in other strains. Similarly, influenza virus heated for 1 hr. a t 56" may inhibit the development of full virus infectivity without affecting haemagglutinin production (Horsfall, 1954) ; with larger doses of heated influenza virus it is more usual to find an inhibition of haemagglutinin production. In a number of investigations with these two inhibitory reagents, it has been found that there is either a decreased number of virus particles produced (inhibition of agglutinin production) but each par-
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I . Archetti and others ticle produced is normally infective; or there is a normal number of agglutinating particles produced but with reduced infectivity (i.e. incomplete virus).
(b) Sodium metaperiodate which of itself does not inhibit haemagglutinin production, enhances the inhibitory action of heated influenza virus.
( c ) Both sodium metaperiodate and heated influenza virus inhibit the production of virus filaments more than that of spheres.
( d ) A single dose of sodium metaperiodate inhibits the development of virus infectivity of different strains to a varying extent, corresponding with the affinity of different virus strains for chorio-allantoic membrane receptor substance. There appears to be a similar relationship for the inhibitory action of heated influenza virus on haemagglutinin production by different virus strains. One theory which might cover these different observations is that there is a factor which is required for both the development of full virus infectivity and for the development of viral haemagglutinin, and that sodium metaperiodate and heated influenza virus owe their inhibitory activity to their ability to compete for this factor. Presumably, different strains vary in their requirements for this factor, and in any strain more factor is required for the development of full virus infectivity, since the development of infectivity is inhibited more readily than that of haemagglutinin. Such a factor (or factors) is unknown but one possibility which suggests itself is chorio-allantoic membrane receptor substance. This is known to be present in the chorio-allantoic membrane, but diminishes greatly during the first 24 hr. of influenza1 infection (Edney & Isaacs, 1950; Liu & Henle, 1951) . Subsequent increases and decreases in the content of membrane inhibitory titre coincide with decreases and increases respectively, in the rate of production of influenza virus from the membrane (Schlesinger, 1953) . Heated influenza virus combines readily with chorio-allantoic membrane inhibitor and metaperiodate inactivates it. There is also evidence that this substance is required for the growth of influenza virus in the chick chorion (Depoux & Isaacs, 1954) . It is interesting that Ackermann & Massaab (1954) have suggested that the action of influenza virus enzyme on this substrate may be necessary to complete the final stages of the release of fully infective virus from susceptible cells. It is suggested, therefore, that metaperiodate and heated influenza virus compete with the enzyme of active influenza virus for chorio-allantoic membrane inhibitor; and that this is the basis for their inhibitory effect on the development of haemagglutinin or of full virus infectivity by different strains of influenza virus. 
